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Introduction
Aluminum nitride (AlN) has received much attention recently in relation to its applications in substrates and packaging materials for high-powered devices, due to its excellent properties such as high thermal conductivity, high electrical resistivity, high dielectric strength, and appropriate thermal expansion coefficient similar to that of silicon [1] [2] [3] . It can also be used as a crucible material for molten metals at high temperatures. Furthermore, it is translucent to infrared and visible wavelengths, and it can thus be used as a window material for infrared and radar devices.
AlN requires a fairly high temperature to achieve full density due to its highly covalent bonding and low material diffusivity during sintering. Thus far, three solutions have been proposed to achieve the successful densification of AlN ceramics: (i) use of hot pressing that gives an external driving force for densification; (ii) use of powders with a high specific surface area that promotes diffusion at the surfaces of grains and along grain boundaries during sintering; and (iii) use of sintering additives that form a eutectic liquid between the aluminum oxide in the AlN powder and the additives, which allows densification via liquidphase sintering [1] [2] [3] . As for the route of using sintering additives for the densification of AlN, extensive investigations have been carried out by using various types of additives. Rare earth oxides such as yttria (Y 2 O 3 ) and alkaline earth oxides such as calcia (CaO) and magnesia (MgO) have been effective as general sintering additives for high thermal conductivity [3] , while fluorides and lithium compounds have proved useful for lowering the sintering temperature; Ca 3 Al 2 O 6 for improving the translucency; and transition metal oxides for enhancing the shaded colors.
From the viewpoint of sintering mechanism and physical origin that governs the thermal conductivity of sintered AlN, an existing study by Moriya et al. [4] is of particular interest here. These researchers sintered AlN by using a eutectic composition (which forms liquid at 1760 o C) in the Y 2 O 3 -Al 2 O 3 system and reported that a sudden change of the grain size and shape occurred at 1750 o C, while the formation of the neck between the AlN particles progressed in the temperature range of 1600-1700 o C. Based on the observation of very low thermal conductivity values of their samples, it was suggested that the high oxygen concentration in the AlN lattice needs to be eliminated by the action of the sintering additives to ensure a high thermal conductivity.
To our knowledge, no study has been carried out to investigate the effect of substituting Ga 2 
Experimental procedure
AlN (H grade, Tokuyama Co. Ltd., Japan, 0.85 wt% oxygen), Y 2 O 3 (Purity 4N, High Purity Chemicals Co. Ltd, Japan), and Ga 2 O 3 (Purity 3N, High Purity Chemicals Co. Ltd, Japan) were used as starting powders. The total amount of sintering additives was 4.5 wt% and the prepared compositions were (4.5-x)Y 2 O 3 -xGa 2 O 3 -95.5AlN, where x = 0, 0.25, 0.50, 0.75, and 1.00. A 20g batch was ball milled by ZrO 2 balls under ethanol medium in a polyethylene-based container for 5h followed, respectively, by periods of drying in an oven, uniaxial pressing at 100 MPa to form a disk shape, and cold isostatic pressing at 200 MPa. The disk-shaped specimens were shifted to a BN-coated graphite crucible, heat treated at 400 o C for 2h, and sintered at 1800 o C for 3h in a graphite furnace. The heat treatment and sintering were carried out in a flowing N 2 atmosphere (1 L/min) at 1 atm.
The apparent density of the sintered specimens was measured by the Archimedes principle using an ethanol medium. The crystalline phases of the sintered specimen were identified by a powder X-ray diffractometer (Model X'pert PRO MPD, PANalytical, Ea Almelo, the Netherlands) using pulverized powder. The microstructure of the sintered specimen was characterized by a field emission scanning electron microscope (FESEM, Model SU-70, Hitachi, Tokyo, Japan) 1 . A compositional analysis of the grain and grain boundary was performed by an energy dispersive spectroscopy (EDS, Model Pegasus XM4, EDAX Inc., Mahwah, NJ, USA). The optical reflectance of the sintered specimens was measured after mirror polishing of the surface by a spectrophotometer in the wavelength range from 200 to 800nm (Model V650, JASCO International Co., Ltd., Tokyo, Japan). The elastic modulus and Poisson ratio were determined by the ultrasonic pulse-echo technique (Model UT340, UTEX Scientific Instruments Inc., Mississauga, Ontario, Canada). The microwave dielectric properties of the sintered disk specimens were measured by using a network analyzer (E5071C ENA, 100 kHz-8.5 GHz; Agilent Technologies, Palo Alto, CA, USA) with the Hakki-Coleman fixture configuration [5] .
Results and Discussion
The microstructure of Y 2 O 3 and Ga 2 O 3 -doped AlN ceramics observed by the secondary electron (SE) mode of FE-SEM, and the typical microstructure, are shown in Fig. 1 for the case when x = 0.50 in (4.5-x)Y 2 O 3 -xGa 2 O 3 -95.5AlN system. The arrow marked in Fig. 1(a) indicates the secondary phase with a brighter color than in the AlN matrix. When the coating thickness on the specimen surface is thin enough, a chemical contrast can be observed in the SE mode, which is the case for the secondary phase herein (marked by the arrow). The brighter color indicates that the secondary phase is composed of a heavier element than the AlN grain, such as Y and Ga. The crosses marked in Fig.s 2(b) and 2(c) indicate the spot positions for the EDS alysi an s in the grain and on the grain boundary, respectively. The resultant chemical compositions determined by the EDS analysis are shown in Tab. I. As seen in the table, the grain boundary is rich in Al, Y, Ga, O and N, whereas Al, Ga, and N are rich in the grain. It is interesting to note that Ga is detected in the AlN grain as well as on the grain boundary. The dissolution of Al 2 O 3 into the AlN lattice during the sintering process is well documented [6] . Yet, to our knowledge, there has been no study conducted on the existence of Ga in the AlN structure; the similar ionic size between Al and Ga might result in the partial dissolution of Ga into the AlN lattice, although not to a significant degree (i.e. the concentration of Ga is small compared to that of Al in the grain). This point will be discussed further at a later point in this paper, together with a discussion of the composition of the grain boundary phases. [4] . Popova et al. [7] pointed out that Y 3 GaO 6 , which is one of the compounds in the Y 2 O 3 -Ga 2 O 3 system, formed above 1300 o C and was stable up to the melting temperature (1850 o C). These results suggest the possibility of Ga substitution for Al in the secondary crystalline phases; a solid solution may form between the yttrium aluminates and yttrium gallates due to the similar ionic size of the Ga-to-Al ion. However, as mentioned, the degree of Ga substitution for Al might not be significant due to the low Ga concentration in the grain compared to the amount of Al. Further, no significant shift of diffracted peaks of YAlO 3 and Y 4 Al 2 O 9 was observed. n with x = 0 in the visible-light wavelength regime (400-700 nm) is approximately 25 percent. The specimen is gray or dark gray in color. As the amount of Ga 2 O 3 increases, the reflectance of specimens decreases. As shown in Fig. 2 , the quantity of Y 4 Al 2 O 9 phase decreases with Ga 2 O 3 . This observation suggests that the decreased quantity of Y 4 Al 2 O 9 phase may be responsible for the decreased optical reflectance, although further study is necessary to fully clarify this issue.
The linear shrinkage, apparent density, elastic and dielectric properties of Y 2 O 3 and Ga 2 O 3 -doped AlN cerami 2 3 ge of the specimen is 20.8 percent after the sintering at 1800 o C for 3h, whereas that of the Ga 2 O 3 -added specimens is between 20.2 and 21.1 percent, indicating that the substitution of Ga 2 O 3 for Y 2 O 3 does not inhibit the sinterability of the AlN ceramics. The apparent density of the sintered specimens in the current study is in the range of 3.34-3.37 g/cm 3 , which is higher than that of pure AlN (3.26 g/cm 3 ) due to the formation of the secondary crystalline phases with higher densities; 5.35 and 4.52 g/cm 3 for AlO 3 and Y 4 Al 2 O 9 , respectively [8-9]. As shown in Tab. II, the elastic modulus generally decreases from 362 (x = 0) to 335 GPa (x = 1.0) by the addition of Ga 2 O 3. These values are higher than those of polycrystallin 08-322 GPa [10] [11] [12] ) but lower than those of single crystal AlN (374 GPa [13] [14] , respectively, our result for x = 0 (362 GPa) is fairly high. Further work is therefore necessary to seek the origin of such a high elastic modulus. The decreasing trend of the elastic modulus with x is observed despite the decreasing phase quantity of Y 4 Al 2 O 9. Thus, it is interpreted that the gallium present in the AlN grain and secondary phases (increase of x) generally decreases the elastic modulus. 2 3 s the Poisson ratio significantly, which will be influenced by the complicated roles of the secondary phases (decreasing phase quantity of Y 4 Al 2 O 9 and similar quantity of YAlO 3 with increased x) and the phenomenon of Ga doping to the AlN grain and grain boundary.
Tab. II
The dielectric constant and the loss tangent of Y 2 O 3 -only-doped AlN are 8.63 and 0.00265, respectively, at a resonance frequency of 8.27 GHz. These dielectric properties h changed by the addition of Ga 2 O 3 as compared to the mechanical properties. The value of the loss tangent is about ten times larger than that of commercial AlN substrates. Savrun and Nguyen [15] reported that there was a wide range of the loss tangent for AlN ceramics between 0.01 and 0.0005. According to their research, this wide range results from the differences between the processing techniques and the raw materials.
Effect G e investigated under the constraint of total sintering additives (Y 2 O 3 and Ga 2 O 3 ) of 4.5 wt%. Based on an EDS analysis, the grain boundary phase was rich in Al, Y, Ga, O, and N, whereas Al, Ga, and N were identified in the grain. The similar ionic size of the Ga-to-Al ion might result in the dissolution of Ga into the AlN lattice, although not to a significant degree, as the concentration of Ga is very small in the grain compared to Al. AlN was identified as the main crystalline phase, whereas YAlO 3 with an orthorhombic perovskite structure and Y 4 Al 2 O 9 with a monoclinic structure were observed as the secondary phases. As the degree of substitution of Ga 2 O 3 for Y 2 O 3 increased, the amount of Y 4 Al 2 O 9 decreased while that of YAlO 3 was more or less similar. Neither additional secondary phases was identified, nor was the sinterability inhibited by the increased Ga 2 O 3 ; the linear shrinkage and the apparent density were above 20 percent and 3.34-3.37 g/cm 3 , respectively. However, the optical reflectance and the elastic modulus generally decreased, whereas the Poisson ratio increased significantly. The dielectric properties were not much changed by the Ga 2 O 3 addition as compared to the mechanical properties. The dielectric constant and the loss tangent of
